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SUMMARY 
A t h i c k ,  were s p u t t e r e d  o n t o  PS200, a plasma 
i d  l u b r i c a n t  c o a t i n g ,  t o  reduce r u n - i n  wear 
and improve t r i b o l o g i c a l  p r o p e r t i e s .  The c o a t i n g  c o n t a i n s  bonded chromium c a r -  
b i d e  as t h e  wear r e s i s t a n t  "base s t o c k "  w i t h  s i l v e r  and b a r i u m  f l u o r i d e / c a l c i u m  
f l u o r i d e  e u t e c t i c  added as low and h i g h  t e m p e r a t u r e  l u b r i c a n t s  r e s p e c t i v e l y .  
P o t e n t i a l  a p p l i c a t i o n s  for t h e  PS200 c o a t i n g  a r e  c y l i n d e r  w a l l / p i s t o n  r i n g  
l u b r i c a t i o n  f o r  S t i r l i n g  eng ines  and f o i l  b e a r i n g  j o u r n a l  l u b r i c a t i o n .  
I n  t h i s  p r e l i m i n a r y  program, t h e  s i l v e r  f i l m  o v e r l a y  t h i c k n e s s  was o p t i -  
mized based upon t e s t s  u s i n g  a p i n - o n - d i s k  t r i b o m e t e r .  Wi th  t h i s  appara tus  t h e  
PS200 c o a t i n g  i s  a p p l i e d  t o  t h e  d i s k  and s l i d  a g a i n s t  a c l e a n  m e t a l  p i n .  The 
f r i c t i o n  and wear s t u d i e s  were per fo rmed i n  a h e l i u m  atmosphere a t  tempera tures  
from 25 t o  760 "C  w i t h  a s l i d i n g  v e l o c i t y  of 2 .7  m / s  under  a 4 .9  N l o a d .  
A t  room t e m p e r a t u r e  t h e r e  i s  a d i r e c t  r e l a t i o n s h i p  between t h e  s i l v e r  f i l m  
t h i c k n e s s  and t h e  r a t i o  of p i n  wear t o  c o a t i n g  wear.  The s i l v e r  f i l m  o v e r l a y  
reduces c o u n t e r f a c e  wear up t o  a t h i c k n e s s  of about  1500 A .  T h i c k e r  f i l m s  
cause p l o w i n g  o f  t h e  s i l v e r  by  t h e  c o u n t e r f a c e  m a t e r i a l  and do n o t  f u r t h e r  
reduce wear. S ince  s i l v e r  i s  p r i m a r i l y  a low t e m p e r a t u r e  l u b r i c a n t ,  n o  f u n c -  
t i o n a l  r e l a t i o n s h i p  between t h e  s i l v e r  o v e r l a y  t h i c k n e s s  and wear was observed 
a t  350 and 760 "C.  However, t h e  d a t a  i n d i c a t e s  t h a t  t h e  s i l v e r  o v e r l a y  reduces  
t h e  i n i t i a l  a b r a s i v e n e s s  of t h e  c o a t i n g  and s i g n i f i c a n t l y  reduces  r u n - i n  wear.  
F i l m s  between 1000 and 1500 A p r o v i d e  t h e  b e s t  l u b r i c a t i o n  o f  t h e  c o u n t e r -  
f a c e  m a t e r i a l .  The f i l m s  e n r i c h  t h e  s l i d i n g  s u r f a c e  w i t h  l u b r i c a n t  and reduce 
t h e  i n i t i a l  a b r a s i v i t y  of t h e  as ground plasma-sprayed c o a t i n g  s u r f a c e .  
INTRODUCTION 
The l u b r i c a t i o n  o f  s l i d i n g  c o n t a c t s  a t  h i g h  tempera tures  has been an a r e a  
o f  i n c r e a s i n g  i n t e r e s t  due t o  t h e  need f o r  h i g h  tempera ture  l u b r i c a t i o n  i n  
advanced h e a t  eng ine  a p p l i c a t i o n s  ( e . g . ,  S t i r l i n g  e n g i n e ,  Low Heat  R e j e c t i o n  
d i e s e l ,  advanced tu rbomach inery ,  e t c .  ( r e f .  1 ) ) .  To h e l p  s a t i s f y  these l u b r i -  
c a t i o n  r e q u i r e m e n t s  a p lasma-sprayed,  chromium c a r b i d e  based, s e l f - l u b r i c a t i n g  
compos i te  c o a t i n g  has been deve loped a t  NASA,  Lewis Research Center  ( r e f .  2 ) .  
The base m a t e r i a l  of t h i s  c o a t i n g  system i s  metal-bonded chromium c a r b i d e .  
I t  i s  a good c a n d i d a t e  for h i g h  t e m p e r a t u r e  wear a p p l i c a t i o n s  because o f  i t s  
thermal  and chemical  s t a b i l i t y  and e x c e l  l e n t  wear r e s i s t a n c e .  However, when 
used a l o n e  as a c o a t i n g  f o r  s l i d i n g  c o n t a c t s  chromium c a r b i d e  e x h i b i t s  p o o r  
f r i c t i o n  c h a r a c t e r i s t i c s .  By a d d i n g  t h e  s o l i d  l u b r i c a n t s  s i l v e r  and b a r i u m  
f l u o r i d e / c a l c i u m  f l u o r i d e  e u t e c t i c ,  f r i c t i o n  and wear p r o p e r t i e s  o f  t h e  Cr3C2 
base c o a t i n g  can be s i g n i f i c a n t l y  improved ( r e f .  3 ) .  S i l v e r ,  because o f  i t s  
low shear s t r e n g t h ,  i s  a good t h i n  f i l m  l u b r i c a n t  a t  low tempera tures  and t h e  
e u t e c t i c ,  wh ich  undergoes b r i t t l e  t o  d u c t i l e  t r a n s i t i o n  around 500 "C, i s  a 
good h i g h  tempera ture  l u b r i c a n t  ( r e f .  4 ) .  Thus, t h e  c o a t i n g  i s  des igned t o  
l u b r i c a n t  o v e r  a wide t e m p e r a t u r e  range from room t e m p e r a t u r e  t o  o v e r  900 "C.  
P r e v i o u s  t e s t s  w i t h  t h i s  c o a t i n g  system i n d i c a t e d  t h a t  i n i t i a l  c o u n t e r f a c e  
wear r a t e s  a r e  s i g n i f i c a n t l y  h i g h e r  t h a n  s t e a d y - s t a t e  wear r a t e s  ( r e f .  2 ) .  
Depending upon t h e  a p p l i c a t i o n ,  r u n - i n  wear can g r e a t l y  reduce t h e  o v e r a l l  use- 
f u l  l i f e  o f  a component. For t h i s  reason,  i t  i s  d e s i r a b l e  t o  reduce t h e  r u n - i n  
wear e s p e c i a l l y  o f  t h e  c o u n t e r f a c e  m a t e r i a l  wh ich  f r e q u e n t l y  has l o w e r  a l l o w a -  
b l e  v o l u m e t r i c  wear t h a n  t h e  c o a t i n g  t h a t  t h e y  s l i d e  a g a i n s t  ( e . g . ,  p i s t o n  
r i n g s  compared t o  c y l i n d e r  w a l l  c o a t i n g s ) .  
P r e l i m i n a r y  u n p u b l i s h e d  work w i t h  t h e  PS200 c o a t i n g  i n d i c a t e d  t h a t  r u n - i n  
wear, e s p e c i a l l y  o f  t h e  c o u n t e r f a c e  m a t e r i a l ,  can be reduced by a p p l y i n g  a t h i n  
f i l m  o f  s i l v e r  o v e r  t h e  plasma-sprayed c o a t i n g  p r i o r  t o  s l i d i n g .  The s i l v e r  
p r o v i d e s  a so f t  l u b r i c a n t  f i l m  between t h e  c o u n t e r f a c e  m a t e r i a l  and t h e  i n i -  
t i a l l y  rough ( s u r f a c e  f i n i s h  >1 pm r m s )  c o a t i n g  wh ich  reduces wear o f  t h e  
c o u n t e r f a c e  m a t e r i a l .  These t e s t s  i n d i c a t e d  t h a t  t h e  t r i b o l o g i c a l  per fo rmance 
o f  t h e  s i l v e r  c o a t e d  PSZOO c o a t i n g  i s  s i g n i f i c a n t l y  a f f e c t e d  by t h e  s i l v e r  f i l m  
t h i c k n e s s .  References 5 and 6 a r e  g e n e r a l  r e f e r e n c e s  wh ich  d e s c r i b e  t h e  use o f  
t h i n  so f t  m e t a l l i c  f i l m s  t o  reduce f r i c t i o n  and wear. 
T h i s  paper  d e s c r i b e s  a program t o  f u r t h e r  s t u d y  t h e  e f f e c t s  o f  s i l v e r  o v e r -  
U s i n g  a p i n - o n - d i s k  t r i b o m e t e r ,  a p r e l i m i n a r y  o p t i -  l a y s  on  t h e  PS200 c o a t i n g .  
m i z a t i o n  o f  t h e  f i l m  t h i c k n e s s  was p e r f o r m e d  t o  f i n d  a range of t h i c k n e s s e s  
which demonst ra te  improved t r i b o l o g i c a l  p r o p e r t i e s .  The t e s t s  were r u n  i n  
h e l i u m  gas t o  p r o v i d e  an i n e r t  atmosphere wh ich  s i m u l a t e s  c o n d i t i o n s  t h a t  may 
be encountered  i n  a S t i r l i n g  eng ine .  
EXPERIMENTAL MATERIALS 
Near Pins 
The wear p i n s  a r e  made o f  a hardened coba l t -chromium based a l l o y .  I t  i s  
chosen because o f  i t s  s t r e n g t h  a t  e l e v a t e d  tempera tures ,  chemica l  and thermal  
s t a b i l i t y ,  and s u i t a b i l i t y  for  use as an eng ine  component m a t e r i a l .  T h i s  a l l o y  
has a l s o  g i v e n  c o n s i s t e n t ,  r e p e a t a b l e  f r i c t i o n  and wear r e s u l t s  when s l i d  
a g a i n s t  t h e  PS200 c o a t i n g  ( r e f .  2 ) .  The t e s t  p i n s  a r e  h e m i s p h e r i c a l l y  t i p p e d  
w i t h  a r a d i u s  o f  4.76mm and a r e  20 mm l o n g .  
a l l o y  b y  w e i g h t  p e r c e n t  i s :  59 Co, 30 C r ,  4 W ,  2 N i  and 5 o t h e r .  The Rockwel l  
Hardness o f  t h e  p i n s  i s  40 C and t h e  s u r f a c e  f i n i s h  i s  0.15 pm r m s .  
The nominal  c o m p o s i t i o n  o f  t h e  
T e s t  Disk S u b s t r a t e  
The t e s t  d i s k s  a r e  63.5 mm i n  d i a m e t e r ,  12.7 mm t h i c k  and made o f  a h i g h  
t e m p e r a t u r e  p r e c i p i t a t i o n  hardened n i c k e l  chromium a l l o y  hardened t o  Rockwel l  
40 C.  The d i s k  c o m p o s i t i o n  by w e i g h t  p e r c e n t  i s :  70 N i ,  15 C r ,  7 Fe, 2.5 T i ,  
1 A l ,  1 Mn, 1 Co and 2 . 5  o t h e r .  
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Disk C o a t i n g :  M a t e r i a l s  and P r e p a r a t i o n  
PS200 c o a t i n g  used i n  t h i s  s t u d y  i s  a plasma sprayed c o a t i n g  p r e p a r e d  from 
powders t h a t  c o n t a i n  80 w t  % metal-bonded Cr3C2, 10 w t  % s i l v e r  and 10 w t  % 
BaF2/CaF2. T h i s  c o a t i n g  i s  chosen because i t  g i v e s  r e p e a t a b l e  r e s u l t s  when 
s l i d  a g a i n s t  t h e  chosen p i n  m a t e r i a l  and because a r e l a t i v e l y  l a r g e  d a t a  base 
e x i s t s  f o r  i t .  
Three components a r e  used i n  t h e  PS200 plasma sprayed c o a t i n g .  The s i l v e r  
m e t a l  and t h e  metal-bonded Cr3C2 a r e  a v a i l a b l e  as p lasma-spray powders.  
BaF2/CaF2 e u t e c t i c  powder was made by p r e f u s i n g  and r e g r i n d i n g  t h e  i n d i v i d u a l  
f l u o r i d e s  p r i o r  t o  m i x i n g  w i t h  t h e  o t h e r  c o a t i n g  components. 
p rocedure  was used t o  p r e p a r e  t h e  e u t e c t i c  powder. 
p u r i t y  powders ( p u r i t y  > 9 9 . 9  p e r c e n t )  were b lended i n  e u t e c t i c  p r o p o r t i o n s  and 
p l a c e d  i n t o  a c l e a n  n i c k e l  c r u c i b l e .  The powders were f i r e d  i n  a n i t r o g e n  
atmosphere t u b e  f u r n a c e  a t  1100 "C u n t i l  c o m p l e t e l y  f u s e d .  The r e s u l t i n g  m e l t  
i s  a l l o w e d  t o  c o o l  t o  room t e m p e r a t u r e  i n  n i t r o g e n .  I t  was t h e n  c rushed i n  an 
oppos ing  p l a t e  t y p e  mechanica l  c r u s h e r  i n t o  1 t o  2 mm d i a m e t e r  p i e c e s .  These 
were f u r t h e r  ground t o  a f i n e  powder i n  a b a l l  m i l l  w i t h  A1203 c r u s h i n g  s t o n e s .  
The ground e u t e c t i c  powder was t h e n  s i e v e d  t o  o b t a i n  t h e  c o r r e c t  s i z e  powder 
f o r  plasma s p r a y i n g .  
i n  t h i s  manner i s  f r e e  from s i g n i f i c a n t  c o n t a m i n a n t s .  
n e n t s  were b lended t o g e t h e r  p r i o r  t o  plasma s p r a y i n g  o n t o  t h e  t e s t  d i s k s .  
Tab le  I g i v e s  t h e  mesh s i z e  and e x a c t  c o m p o s i t i o n  o f  t h e  c o a t i n g  components. 
The 
The f o l l o w i n g  
BaF2 and CaF2 r e a g e n t  grade 
X-ray d i f f r a c t i o n  c o n f i r m s  t h a t  e u t e c t i c  powder p r e p a r e d  
The t h r e e  powder compo- 
The d i s k s  were f irst s a n d b l a s t e d  then,  a t h i n  bond c o a t  (0.076 mm) o f  
Nichrome ( 8 0  w t  % N i ,  20 w t  % C r )  powder was plasma sprayed o n t o  t h e  roughened 
s u r f a c e .  The PS200 powder m i x t u r e  was t h e n  plasma sprayed over t h e  bond c o a t  
to  a t h i c k n e s s  o f  0 . 3 8  mm. The plasma s p r a y  parameters a r e  g i v e n  i n  Tab le  11. 
Wet chemical  and s p e c t r o g r a p h i c  a n a l y s i s  of t h e  r e s u l t i n g  c o a t i n g  i n d i c a t e d  
t h a t  i t s  c o m p o s i t i o n  i s  a p p r o x i m a t e l y  t h e  same as t h e  PS200 powder p r i o r  t o  
plasma s p r a y i n g .  
The c o a t i n g  was diamond ground t o  g i v e  a t o t a l  c o a t i n g  t h i c k n e s s  (bond c o a t  
p l u s  l u b r i c a n t  c o a t )  o f  0.25 mm. Appendix A d e s c r i b e s  t h e  g r i n d i n g  procedure .  
F i g u r e  2 i s  an i l l u s t r a t i o n  o f  h y p o t h e t i c a l  ground s u r f a c e s .  F i g u r e  3 i s  a 
photograph o f  a diamond ground part. During grinding particular care must be 
t a k e n  to  p r e v e n t  smear ing o f  t h e  c o a t i n g  and t o  p r e v e n t  removal  of  t h e  so f t  
phases, namely t h e  s i l v e r  and t h e  e u t e c t i c .  These problems can be a v o i d e d  b y  
employ ing  t h e  recommended depths  o f  c u t  w i t h  a w e l l  d ressed diamond wheel .  
Lapp ing  procedures  s h o u l d  be e s p e c i a l l y  a v o i d e d  because o f  t h e i r  tendency t o  
p r e f e r e n t i a l l y  remove t h e  so f t  l u b r i c a n t  phases from t h e  c o a t i n g  s u r f a c e .  
S i l v e r  F i l m  D e p o s i t i o n  
Pr ior  t o  s i l v e r  c o a t i n g  t h e  ground plasma sprayed PS200 c o a t i n g s ,  t h e  spe- 
cimens were heated  i n  a vacuum oven a t  150 "C for 3 h r  t o  remove any v o l a t i l e  
r e s i d u e  r e m a i n i n g  from t h e  g r i n d i n g  o p e r a t i o n  and subsequent h a n d l i n g .  The 
specimens were c leaned w i t h  p u r e  e t h y l  a l c o h o l  and l i g h t l y  scrubbed w i t h  l e v i -  
g a t e d  a l u m i n a  t h e n  r i n s e d  w i t h  d e i o n i z e d  w a t e r  and d r i e d .  
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The PS2000 d i s k  specimens w e r e  coated  w i t h  s i l v e r  f i l m s  from 250 t o  3500 A 
t h i c k  u s i n g  a magnetron s p u t t e r  d e p o s i t i o n  sys tem w i t h  a rgon as t h e  i o n i z a t i o n  
gas.  The s p u t t e r i n g  parameters  w e r e ;  power:  0 .05 kW, argon f l o w r a t e :  
e10 cc /min ,  chamber p r e s s u r e :  50 mtorr, and t a r g e t  t o  specimen d i s t a n c e :  
e25 mm. The s i l v e r  c o a t i n g  t h i c k n e s s  was c a l c u l a t e d  by m u l t i p l y i n g  t h e  depos i -  
t i o n  t i m e  by t h e  d e p o s i t i o n  r a t e .  
s e r i e s  o f  c a l i b r a t i o n  t r i a l s  i n  which v a r i e d  t h i c k n e s s e s  o f  s i l v e r  w e r e  sput -  
t e r e d  o n t o  p o l i s h e d  t e s t  d i s k s  and measured u s i n g  a computer c o n t r o l l e d  p r o f i -  
lometer. The s lope  o f  t h e  p l o t  o f  c o a t i n g  t h i c k n e s s  versus  t i m e  i s  t h e  
d e p o s i t i o n  r a t e .  
t h i s  p rocedure ,  t h e  t h i c k n e s s  i s  known t o  w i t h i n  e50 A .  
The d e p o s i t i o n  r a t e  was de termined from a 
For these e x p e r i m e n t s ,  t h e  r a t e  i s  150 A imin .  F o l l o w i n g  
APPARATUS AND TRIBOTEST PROCEDURE 
Apparatus 
A p i n - o n - d i s k  appara tus  was used i n  t h i s  s t u d y  ( f i g .  1 ) .  Wi th  t h i s  appa- 
r a t u s ,  a h e m i s p h e r i c a l l y  t i p p e d  p i n  i s  loaded a g a i n s t  a r o t a t i n g  d i s k  by means 
o f  dead we igh ts .  The normal l o a d  was 4.9 N .  The f r i c t i o n  f o r c e  was c o n t i n u -  
o u s l y  measured w i t h  a t e m p e r a t u r e  compensated s t r a i n  gage b r i d g e .  The p i n  
wears a 51 mm d i a m e t e r  wear t r a c k  on t h e  d i s k .  The d i s k  wears a f l a t  c i r c u l a r  
wear scar  on t h e  p i n .  S l i d i n g  was u n i d i r e c t i o n a l  and t h e  v e l o c i t y  i n  these 
exper iments  was 2 . 7  m / s .  The d i s k  was heated  by a low f r e q u e n c y  i n d u c t i o n  
c o i l .  Disk s u r f a c e  t e m p e r a t u r e s  were m o n i t o r e d  on t h e  wear t r a c k  90" ahead o f  
t h e  s l i d i n g  c o n t a c t  w i t h  an i n f r a r e d  pyrometer  capab le  o f  measur ing  tempera- 
t u r e s  from 100 t o  1400 "C w i t h  25 p e r c e n t  accuracy .  
Procedures 
The t e s t  d u r a t i o n  was 3 h r ,  1 h r  a t  each o f  t h e  t h r e e  t e s t  t e m p e r a t u r e s  i n  
t h e  f o l l o w i n g  o r d e r ,  760, 350, and 25 "C. If t h e  specimens were r u n  f i r s t  a t  
25 "C,  t h e n  a t  350 " C  and t h e n  a t  760 "C, t h e  r e s u l t s  a t  25 "C, would n o t  agree 
w i t h  d a t a  c o l l e c t e d  d u r i n g  subsequent room t e m p e r a t u r e  t e s t s  a f t e r  t h e  specimens 
had been r u n  a t  e l e v a t e d  t e m p e r a t u r e s .  Th is  i s  due, i n  p a r t ,  t o  d i f f u s i o n  o f  
t h e  s i l v e r  o v e r l a y  i n t o  t h e  PS200 c o a t i n g ,  t h e  m a j o r i t y  o f  wh ich  o c c u r s  d u r i n g  
t h e  f irst f e w  m i n u t e s  o f  h e a t i n g  t o  e l e v a t e d  t e m p e r a t u r e s .  By t e s t i n g  t h e  spe- 
cimens f i rs t  a t  760 " C  then  a t  350 "C and f i n a l l y  a t  25 "C,  however, t h e  d a t a  
taken  a t  25 "C agree w e l l  w i t h  s teady  s t a t e  va lues .  
R i d e r  wear was measured e v e r y  20 min  by remov ing  t h e  p i n  and measur ing  t h e  
r e s u l t i n g  c i r c u l a r  wear sca r  on t h e  h e m i s p h e r i c a l  s u r f a c e  f r o m  which t h e  wear 
volume was c a l c u l a t e d .  L o c a t i n g  dowels on t h e  r i d e r  h o l d e r  assured a c c u r a t e  
r e l o c a t i o n  o f  t h e  p i n .  Disk wear was measured a f t e r  each hour  by r e c o r d i n g  a 
s u r f a c e  p r o f i l e  ac ross  t h e  d i s k  wear t r a c k ,  comput ing t h e  a rea  o f  removed/ 
d i s p l a c e d  c o a t i n g  and m u l t i p l y i n g  by  t h e  c i r c u m f e r e n c e  o f  t h e  wear t r a c k  t o  
o b t a i n  t h e  wear volume. 
Prior t o  t e s t i n g ,  t h e  t e s t  chamber was c l o s e d  and then  purged f o r  10 min 
w i t h  n i t r o g e n  gas.  
begun. A f t e r  e l e v a t e d  t e m p e r a t u r e  t e s t s ,  t h e  specimens were  coo led  to  below 
150 "C  b e f o r e  open ing  t h e  t e s t  chamber t o  i n h i b i t  specimen o x i d a t i o n  wh ich  
m i g h t  have i n v a l i d a t e d  l a t e r  a n a l y s i s .  
The h e l i u m  was then  purged f o r  10 min b e f o r e  t h e  t e s t  was 
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EXPERIMENTAL RESULTS 
The t e s t  r e s u l t s  a r e  g i v e n  i n  Tab le  111. Depending on  t h e  t h i c k n e s s  o f  t h e  
s i l v e r  f i l m  o v e r l a y ,  t h e  f r i c t i o n  c o e f f i c i e n t s  ranged from 0.1620.02 t o  0.3450.04 
a t  room tempera ture ,  0 .1620.02 t o  0.2850.03 a t  350 "C,  and 0 .2020.03  t o  0.4020.04 
a t  760 "C. Wear f a c t o r s  ranged from ( 8 . 0 = 1 . 5 > ~ 1 0 - ~  t o  ( 1  .O2O.2>xlO-5 mm3/N-m 
f o r  t h e  p i n  and (1.820.3>x10-6 t o  (2.3=0.4>x10-5 mm3/N-m f o r  t h e  c o a t i n g .  An 
e x p l a n a t i o n  o f  t h e  wear f a c t o r ,  k ,  and i t s  d e r i v a t i o n  a r e  g i v e n  i n  appendix  6. 
The t r i b o l o g i c a l  per formance o f  t h e  PS200 c o a t i n g  w i t h o u t  a s i l v e r  o v e r l a y ,  
t h e  c o n t r o l  case, was good. F r i c t i o n  c o e f f i c i e n t s  w e r e  between 0 . 1 9 ~ 0 . 0 2  and 
0.2620.03 and average wear f a c t o r s  were r e a s o n a b l y  low. 
s i l v e r  o v e r l a y  was a p p l i e d  t o  t h e  PS200 c o a t i n g  t h e  t e s t  r e s u l t s  were s i g n i f i -  
c a n t l y  improved.  
wear o f  t h e  p i n  m a t e r i a l  was reduced b y  a f a c t o r  o f  t h r e e .  
When a 1000 8, t h i c k  
F r i c t i o n  c o e f f i c i e n t s  were between 0 . 1 6  and 0 . 2 0  and t o t a l  
D i s c u s s i o n  o f  Exper imenta l  R e s u l t s  
The i n i t i a l  purpose o f  t h i s  program was t o  reduce t h e  r u n - i n  wear o f  coun- 
t e r f a c e  m a t e r i a l s  when s l i d  a g a i n s t  t h e  PS200 c o a t i n g .  By a c h i e v i n g  t h i s  g o a l ,  
t h e  o v e r a l l  l i f e  o f  a d e v i c e  or an a p p l i c a t i o n  can be g r e a t l y  i n c r e a s e d .  
F i g u r e  4 i s  a p l o t  o f  p i n  wear volume v e r s u s  s l i d i n g  d i s t a n c e  f o r  b o t h  t h e  
c o n t r o l  case and t h e  PS200 c o a t i n g  w i t h  a 1000 8, s i l v e r  f i l m  o v e r l a y .  Though 
t h e  graph i n c o r p o r a t e s  d a t a  from t h r e e  d i f f e r e n t  t e s t  t e m p e r a t u r e s ,  t h e  c u r v e  
i s  r e l a t i v e l y  smooth. The d a t a  i n d i c a t e  t h a t  t h e  t o t a l  p i n  wear a f t e r  3 h r  o f  
s l i d i n g  i s  about  t h r e e  t i m e s  g r e a t e r  f o r  t h e  c o n t r o l  case t h a n  f o r  t h e  p i n  s l i d  
a g a i n s t  t h e  PS200 c o a t i n g  w i t h  a 1000 8, s i l v e r  o v e r l a y  f i l m .  
e x p e r i m e n t a l  e r r o r ,  t h e  s l o p e s  of t h e  curves  ( ( 0 . 1 2 2 0 . 0 1 > ~ 1 0 - ~  mm3/min f o r  t h e  
c o n t r o l  c o a t i n g  and ( 0 . 1 0 ~ 0 . 0 1 ) ~ 1 0 - ~  mm3/min f o r  t h e  1000 8, s i l v e r  o v e r l a y  
case) a r e  a p p r o x i m a t e l y  t h e  same a f t e r  100 min  of s l i d i n g .  Thus, t h e  s i l v e r  
f i l m  d i d  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  s teady  s t a t e  wear p r o p e r t i e s  o f  t h e  PS200 
c o a t i n g .  R a t h e r ,  t h e  d a t a  suggests  t h a t  t h e  d i f f e r e n c e  i n  t o t a l  p i n  wear i s  
due t o  t h e  r e d u c t i o n  i n  t h e  r u n - i n  wear by  t h e  use o f  t h e  s i l v e r  o v e r l a y .  
S i m i l a r  r e s u l t s  were o b t a i n e d  f o r  f i l m  t h i c k n e s s e s  o f  750, 1250 and 1500 8,.  
Thinner  f i l m s  d i d  n o t  seem t o  s i g n i f i c a n t l y  reduce r u n  i n  wear and p l o w i n g  o f  
t h e  s i l v e r  f i l m  was observed when t h i c k e r  f i l m s  a r e  t e s t e d .  T h i s  p l o w i n g  l e a d  
t o  e x c e s s i v e  s i l v e r  t r a n s f e r  t o  t h e  p i n  and h i g h e r  f r i c t i o n  e s p e c i a l l y  a t  
e l e v a t e d  tempera tures .  Thus, from these p r e l i m i n a r y  t e s t s ,  a s i l v e r  f i l m  o v e r -  
l a y  t h i c k n e s s  between 750 and 1500 A p r o v i d e d  t h e  g r e a t e s t  b e n e f i t .  
C o n s i d e r i n g  
When i n v e s t i g a t i n g  t h e  a b r a s i v i t y  o f  one m a t e r i a l  t o  a n o t h e r  i t  i s  i n s t r u c -  
t i v e  t o  c o n s i d e r  t h e  r a t i o  o f  t h e  wear f a c t o r s  ( i . e . ,  t h e  wear f a c t o r  o f  t h e  
p i n  d i v i d e d  by  t h e  wear f a c t o r  of t h  d i s k  c o a t i n g ) .  The l a r g e r  t h e  r a t i o ,  
t h e  more a b r a s i v e  t h e  c o a t i n g  i s  t o  t h e  p i n  and v i c e - v e r s a .  
t h e s e  p l o t s  a r e  
A t  25 "C  t h e  
l a y ) .  A s  t h e  s i  
Tab le  I V  c o n t a i n s  t h e  wear f a c t o r  r a t i o  t a b u l a t e d  w i t h  t h e  s i l v e r  f i l m  
t h i c k n e s s  and t e s t  tempera ture .  F i g u r e s  5(a)  t o  ( c )  a r e  p l o t s  o f  t h e  wear 
f a c t o r  r a t i o  versus  f i l m  t h i c k n e s s  f o r  t h e  t h r e e  t e s t  t e m p e r a t u r e s .  
nspec ted ,  s e v e r a l  t r e n d s  become a p p a r e n t .  
When 
r a t i o  i s  about  0.10 f o r  t h e  c o n t r o l  case ( w i t h  no  s i l v e r  o v e r -  
v e r  f i l m  t h i c k n e s s  i s  i n c r e a s e d  from 250 t o  1500 A ,  t h e  r a t i o  
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i s  decreased from a b o u t  0.11 t o  0.02. That  i s ,  t h e  s i l v e r  f i l m  reduces  t h e  
a b r a s i v i t y  o f  t h e  c o a t i n g  to  t h e  p i n  up t o  a f i l m  t h i c k n e s s  o f  1500 A .  
t h i c k e r  t h a n  1500 A d o  n o t  r e s u l t  i n  a f u r t h e r  wear f a c t o r  r a t i o  r e d u c t i o n .  
F i l m s  
A t  350 "C t h e r e  i s  no  c l e a r  t r e n d  i n  t h e  d a t a .  T h i s  may be due, i n  p a r t ,  
t o  t h e  f a c t  t h a t  a t  e l e v a t e d  t e m p e r a t u r e s ,  s i l v e r  has low compress ive s t r e n g t h  
and, by  i t s e l f ,  i s  n o t  an adequate l u b r i c a n t .  
A t  760 "C t h e r e  i s  no r e l a t i o n s h i p  between t h e  f i l m  t h i c k n e s s  and t h e  
r a t i o ,  b u t  t h e  s i l v e r  f i l m s  d i d  reduce t h e  r a t i o  a p p r o x i m a t e l y  a f a c t o r  o f  two 
compared t o  t h e  c o n t r o l  case.  One p l a u s i b l e  r e a s o n  f o r  t h i s  b e h a v i o r  i s  t h a t  
t h e  t e s t s  a t  760 " C  were t h e  i n i t i a l  t e s t s  f o r  each specimen. I n  t h e s e  cases, 
t h e  s i l v e r  f i l m  m e r e l y  served t o  smooth o u t  and f i l l  i n  t h e  i m p e r f e c t i o n s  i n  
t h e  plasma-sprayed s u r f a c e  l e a d i n g  t o  reduced p i n  wear.  B u t  s i n c e  t h e  s i l v e r  
has low compress ive s t r e n g t h  a t  760 "C t h e  b e n e f i t  was n o t  a f u n c t i o n  o f  s i l -  
v e r  f i l m  t h i c k n e s s .  
The a p p l i c a t i o n  o f  s i l v e r  f i l m s  around 1000 A t h i c k  reduced t h e  r u n  i n  wear 
o f  t h e  p i n  w i t h o u t  c a u s i n g  p l o w i n g  and e x c e s s i v e  s i l v e r  t r a n s f e r  t o  t h e  p i n  
s u r f a c e .  The s i l v e r  f i l m  a c t e d  as a r u n - i n  l u b r i c a n t  wh ich  smoothed o u t  t h e  
s u r f a c e  and reduced t h e  i n i t i a l  a b r a s i v i t y  of t h e  PS200 c o a t i n g  t o  t h e  c o u n t e r -  
f a c e  m a t e r i  a1 . 
CONCLUSIONS 
The f o l l o w i n g  c o n c l u s i o n s  may be drawn from t h i s  p r e l i m i n a r y  s t u d y :  
1 .  The r u n - i n  wear o f  c o u n t e r f a c e  m a t e r i a l s ,  when s l i d  a g a i n s t  PS200, 
appears t o  be reduced by  a p p l y i n g  t h i n  s i l v e r  f i l m s  o v e r  t h e  as ground,  plasma- 
sprayed s u r f a c e .  
2 .  The f r i c t i o n  and wear o f  t h e  c o u n t e r f a c e  m a t e r i a l  i s  a f f e c t e d  by  t h e  
t h i c k n e s s  o f  t h e  s i l v e r  f i l m  o v e r l a y .  F i l m s  between 750 and 1500 A t h i c k  seem 
t o  improve t h e  c o u n t e r f a c e  wear p r o p e r t i e s  w i t h o u t  a d v e r s e l y  a f f e c t i n g  t h e  
f r i c t i o n  c o e f f i c i e n t  or c o a t i n g  wear.  
3.  t h e  r e d u c t i o n  i n  c o u n t e r f a c e  wear o b t a i n e d  by  t h i s  method may s i g n i f i -  
c a n t l y  i n c r e a s e  t h e  o v e r a l l  l i f e  o f  a component or a p p l i c a t i o n .  
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A P P E N D I X  A 
RECOMMENDED G R I N D I N G  PROCEDURE 
1 .  Use diamond grinding only. 
2. Use water as lubricant-use no oil. 
3 .  Initial grinding depth should be 0.0250 mm. 
4. Final cuts should be 0.010 to 0.0150 mm. 
- Taking too deep a cut, !.e., 0.10 mm, will pluck softer phases ( A g  and 
BaFi/CaF2> from surface. 
bonded chromium carbide. Th 
finish. 
- Taking too light a cut, i.e., 
5. Ground surface should be matte not 
representing the three separate phases 
ess than 0.010 mm, will smear the metal- 
s will result in an "orange peel" type 
glossy and have a speckled appearance 
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APPENDIX B 
EXPLANATION OF WEAR FACTORS 
The wear f a c t o r  ( K )  used i n  t h i s  paper  i s  a c o e f f i c i e n t  which r e l a t e s  t h e  
volume o f  m a t e r i a l  worn from a s u r f a c e  t o  t h e  d i s t a n c e  s l i d  and t h e  normal l o a d  
a t  t h e  c o n t a c t .  M a t h e m a t i c a l l y ,  K i s  d e f i n e d  as :  
V 
K =  
( S  x W )  
I where 
W t h e  normal l o a d  a t  t h e  s l i d i n g  c o n t a c t  i n  N 
S t h e  t o t a l  d i s t a n c e  s l i d  i n  m 
V t h e  volume o f  m a t e r i a l  worn away i n  mm3 
The p h y s i c a l  i n t e r p r e t a t i o n  o f  t h e  numer ic  v a l u e  o f  t h e  K f a c t o r  i s  as 
fol lows: 
K mm3/N-m h i g h  wear 
K 10-5 t o  10-6 mm3/N-m moderate t o  low wear 
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TABLE I. - COMPOSITION OF THE THREE 
MAJOR COATING COMPONENTS 
size 
I Silver metal I 
TABLE 11. - TYPICAL PLASMA SPRAY PARAMETERS 
I Parameter Material, value 
Arc gas, 1 . 4  m3/hr 
Powder carrier gas, 0.4 d / h r  
Coating powder flow rate, kg/hr 
Current, A 
Voltage, V 








TABLE 111. - FRICTION AND WEAR TEST RESULTS 
[ T e s t  c o n d i t i o n s :  4.9-N l o a d .  2.7-mls s l i d i n g  v e l o c i t y ,  H e l i u m  a tmosphere . ]  
t e m p e r a t u r e ,  
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TABLE I V .  - WEAR FACTOR RATIO 

















































FIGURE 1. - HIGH-TEMPERATURE F R I C T I O N  APPARATUS. 
11 
GROUND COATING FROM WHICH SOFT LUBRICANTS HAVE BEEN "PLUCKED" FROM 
THE SURFACE. POOR SURFACE. 
rLAYER OF NICKEL 
/ 
GROUND COATING I N  WHICH NICKEL BOND MATERIAL HAS BEEN SMEARED OVER 
COVER I NG LUBR ICANTS . POOR SURFACE. 
CORRECTLY GROUND COATING, 
ARE PRESENT A T  SURFACE. 
BOTH THE LUBRICANTS AND BONDED CERAMIC 







FIGURE 3. - DIAMOND GROUND PART. 
10 
0 NO Ago 





SLIDING DISTANCE, KM 1- 760 'C+350 'C-&25 ' C A  
FIGURE 4. - PIN WEAR VOLUME VERSUS SLIDING DISTANCE. 
TEST CONDITIONS: 4.9 N LOAD, 2.7 M/SEC SLIDING VE- 
LOCITY, HELIUM ATMOSPHERE. 
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sprayed,  chromium c a r b i d e  based s o l i d  l u b r i c a n t  c o a t i n g ,  t o  reduce r u n - i n  wear 
and improve t r i b o l o g i c a l  p r o p e r t i e s .  The c o a t i n g  c o n t a i n s  bonded chromium 
c a r b i d e  as t h e  wear r e s i s t a n t  "base s t o c k "  w i t h  s i l v e r  and b a r i u m  f l u o r i d e /  
c a l c i u m  f l u o r i d e  e u t e c t i c  added as low and h i g h  tempera ture  l u b r i c a n t s  respec-  
t i v e l y .  P o t e n t i a l  a p p l i c a t i o n s  for  t h e  PS200 c o a t i n g  a r e  c y l i n d e r  w a l l / p i s t o n  
r i n g  l u b r i c a t i o n  f o r  S t i r l i n g  eng ines  and f o i l  b e a r i n g  j o u r n a l  l u b r i c a t i o n .  I n  
t h i s  p r e l i m i n a r y  program, t h e  s i l v e r  f i l m  o v e r l a y  t h i c k n e s s  was o p t i m i z e d  based 
upon t e s t s  u s i n g  a p i n - o n - d i s k  t r i b o m e t e r .  The f r i c t i o n  and wear s t u d i e s  were 
p e r f o r m e d  i n  a h e l i u m  atmosphere a t  tempera tures  from 25 t o  760 "C w i t h  a s l i d i n g  
v e l o c i t y  o f  2.7 m / s  under  a 4 .9  N l o a d .  F i l m s  between 1000 and 1500 8, p r o v i d e  
t h e  b e s t  l u b r i c a t i o n  o f  t h e  c o u n t e r f a c e  m a t e r i a l .  
s u r f a c e  w i t h  l u b r i c a n t  and reduce t h e  i n i t i a l  abras iveness  o f  t h e  as ground,  
plasma-sprayed c o a t i n g  s u r f a c e ,  t h u s  r e d u c i n g  wear. 
The f i l m s  e n r i c h  t h e  s l i d i n g  
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